In this paper we construct and classify novel Drukker-Trancanelli (DT) type BPS Wilson loops along infinite straight lines and circles in N = 2, 3 quiver superconformal Chern-Simons-matter theories, Aharony-Bergman-Jafferis-Maldacena (ABJM) theory, and N = 4 orbifold ABJM theory. Generally we have four classes of Wilson loops, and all of them preserve the same supersymmetries as the BPS Gaiotto-Yin (GY) type Wilson loops. There are several free complex parameters in the DT type BPS Wilson loops, and for two classes of Wilson loops in ABJM theory and N = 4 orbifold ABJM theory there are supersymmetry enhancements at special values of the parameters. We check that the differences of the DT type and GY type Wilson loops are Q-exact with Q being some supercharges preserved by both the DT type and GY type Wilson loops. The results would be useful to calculate vacuum expectation values of the DT type Wilson loops in matrix models if they are still BPS quantum mechanically. * ouyangh@ihep.ac.cn
Introduction
BPS (Bogomol'nyi-Prasad-Sommerfield) Wilson loops are important nonlocal objects in supersymmetric gauge theories, and in AdS/CFT correspondence [1] [2] [3] they are dual to probe F-strings/membranes in string/M theory [4] [5] [6] [7] , when they are in fundamental representation of the gauge group. BPS Wilson loops in three-dimensional quiver superconformal Chern-Simons-matter (CSM) theories are more complex than those in four-dimensional super Yang-Mills theories. One can use only bosonic fields and construct Gaiotto-Yin (GY) type Wilson loops [8] , and also one can use both bosonic and fermionic fields and construct Drukker-Trancanelli (DT) type Wilson loops [9] .
In N = 2 superconformal CSM theories there are 1/2 BPS GY type Wilson loops along infinite straight lines and circles, and in N = 3 superconformal CSM theories there are 1/3 BPS GY type
Wilson loops [8] . The Aharony-Bergman-Jafferis-Maldacena (ABJM) theory is an N = 6 superconformal CSM theory with gauge group U (N ) × U (N ) and levels (k, −k), and it is dual to M-theory in AdS 4 ×S 7 /Z k spacetime or type IIA string theory in AdS 4 ×CP 3 spacetime [10] . In ABJM theory, there are 1/6 BPS GY type Wilson loops [11] [12] [13] and 1/2 BPS DT type Wilson loops [9] along infinite straight lines and circles. The construction of the latter ones resolved the puzzle about the existence of the half BPS Wilson loop dual to half BPS F-string solution found in [11, 13] . In ABJM theory there are more general BPS DT type Wilson loops along general curves that preserve fewer supersymmetries [14] [15] [16] [17] [18] . The N = 4 superconformal CSM theories were constructed in [19] [20] [21] , and a special case is the N = 4 orbifold ABJM theory that has gauge group U (N ) 2r and alternating levels (k, −k, · · · , k, −k) and is dual to M-theory in AdS 4 ×S 7 /(Z r ×Z rk ) spacetime [21] [22] [23] [24] . Recently, 1/4 BPS GY type Wilson loops and 1/2 BPS DT type BPS Wilson loops in N = 4 orbifold ABJM theory were constructed in [25, 26] . BPS Wilson loops in more general N = 4 superconformal CSM theories were also constructed in [26] .
As announced in [27] , we found novel DT type BPS Wilson loops in quiver superconformal CSM theories. In N = 2 quiver superconformal CSM theories, though the supersymmetries are relatively fewer, we found that there still exist DT type 1/2 BPS Wilson loops. This construction, when applied to theories with more supersymmetries, leads to DT type Wilson loops preserving two Poincaré supercharges (and also two superconformal charges), when the Wilson loops are along straight lines and the parameters in the Wilson loops are not under further constraints. In ABJM theory and N = 4 CSM theory, supersymmetry (SUSY) enhancements for Wilson loops can appear for special values of these parameters. We find no SUSY enhancement for Wilson loops in N = 3 CSM theories. This is consistent with the results in the dual M-theory side [28] . This paper is an extension of [27] , with calculation details and more examples. We also pay more attention to classification of DT type Wilson loops. We construct novel DT type BPS Wilson loops along straight lines and circles in several quiver superconformal CSM theories. We investigate the case of a generic N = 2 quiver superconformal CSM theory with multiple bifundamental and anti-bifundamental matter in section 2, the case of an N = 3 quiver superconformal CSM theory in section 3, the case of ABJM theory in section 4, and the case of N = 4 orbifold ABJM theory in section 5. We conclude with discussion in section 6.
Generic N =quiver CSM theory
We consider a generic N = 2 quiver superconformal CSM theory with bifundamental matter. We pick two adjacent nodes in the quiver diagram and the corresponding gauge groups are U (N ) and U (M ). The vector multiplet for gauge group U (N ) includes gauge field A µ , and auxiliary fields σ, χ, D, with σ, D being bosonic and χ being fermionic. Similarly, for gauge group U (M ) we have the vector multiplet with fieldsÂ µ ,χ,σ,D. There are multiple matter fields in bifundamental and anti-bifundamental representations in the N = 2 theory. These multiplets include fields φ i , ψ i , F i and φî, ψî, Fî, with i = 1, 2, · · · , N f , andî =1,2, · · · ,Nf . Here F i and Fî are bosonic auxiliary fields.
Note that the number of chiral multiplets in bifundamental representation N f does not necessarily equal to number of chiral multiplets in anti-bifundamental representationNf . There could be other matter that couple to the two gauge fields, and they will change the on-shell values of σ andσ in the Wilson loops we will construct, but the structure of these Wilson loops will not change.
The SUSY transformations could be found in [29] . For the vector multiplet part, we only need the off-shell SUSY transformations of A µ , σ,Â µ ,σ
and for the matter part we only need the off-shell transformations
2)
The definitions of covariant derivatives are
We have SUSY parameters ǫ = θ + x µ γ µ ϑ,ǭ =θ −θx µ γ µ , and terms with θ,θ denote Poincaré SUSY transformations and terms with ϑ,θ denote superconformal transformations.
We adopt the spinor convention in [30] . The metric on the three-dimensional Minkowski spacetime is η µν = diag(− + +), the coordinates are x µ = (x 0 , x 1 , x 2 ), and the gamma matrices are
with σ 1,2,3 being Pauli matrices. Charge conjugate of a spinor is defined as complex conjugatē
The Poincaré supercharges P ,P and conformal supercharges S,S are related to the SUSY transformations as
There are constraintsθ
After Wick rotation, we get a theory in Euclidean space. In three-dimensional Euclidean space, the metric is δ µν = diag(+ + +), the coordinates are x µ = (x 1 , x 2 , x 3 ), and the gamma matrices are
Spinors θ andθ are generally unrelated. Formally, the SUSY transformations (2.1) and (2.2) and the definitions of supercharges (2.6) still apply to Euclidean version of the N = 2 superconformal CSM theory, but there are no longer the constraints (2.7).
Straight line in Minkowski spacetime
For BPS Wilson loops along infinite straight lines, the Poincaré and conformal supersymmetries are preserved separately, and the discussions of them are similar. So we will only consider Poincaré supercharges for Wilson loops along straight lines.
In Minkowski spacetime, one can construct the 1/2 BPS GY type Wilson loop along a timelike infinite straight line
The preserved Poincaré supersymmetries can be denoted as
We construct the DT type Wilson loop along the line x µ = τ δ µ 0
To make it preserve the supersymmetries (2.10), it is enough to require that [31] δL 12) for some Grassmann odd matrix
(2.14)
From variations of A andÂ we have
From variations off 1 and f 2 we havē
16)
We have the parameterizationsζ 17) withᾱ i , γî, β i andδî being complex constants. We have four classes of solutions, and all of them
Class I
In the first solution we have
Hereᾱ i and β j are free complex parameters.
We define that 
for some matrix Λ, factor κ and supercharge Q. Now we have
Class II
In the second solution we haveᾱ
Now we have
Class III
In the third solution we have
Class IV
In the fourth solution we haveᾱ
Now we have In Euclidean space we have the 1/2 BPS GY type Wilson loop along the circle x µ = (cos τ, sin τ, 0)
Circle in Euclidean space
and the preserved supersymmetries are
We construct the DT type Wilson loop along x µ = (cos τ, sin τ, 0)
31) 
Class II
37)
Class III
Class IV
We consider an N = 3 quiver superconformal CSM theory and pick two adjacent nodes in the quiver diagram. The first vector multiplet includes gauge field A µ and auxiliary fields σ a b , χ a b , ξ, with a, b, · · · = 1, 2 being indices of the SU (2) R-symmetry. Here σ a b is bosonic and χ a b , ξ are fermionic. We have the constraints
with † being not only hermitian conjugate of color index but also complex conjugate of spinor index.
Similarly, for the second vector multiplet we have fieldsÂ µ ,σ a b ,χ a b ,ξ. There are bifundamental matter fields φ ia , ψ ia with i, j, · · · = 1, 2, · · · , N f denoting indices of flavor. From the results in [8, 32] we rewrite the off-shell SUSY transformations with manifest SU (2) R-symmetry
We have covariant derivatives
We have the SUSY transformation parameter ǫ a b = θ a b + x µ γ µ ϑ a b , and there are constraints
Note that each of θ a b and ϑ a b has the degrees of freedom of one Dirac spinor and one Majorana spinor. The Poincaré and conformal supercharges are defined as
with constraints
In Euclidean space, the SUSY transformations (3.2) and definitions of supercharges (3.5) still apply, but the constraints for the SUSY parameters and supercharges are
Straight line in Minkowski spacetime
We consider BPS GY and DT type Wilson loops along timelike infinite straight lines in Minkowski spacetime.
GY type Wilson loop
We construct a GY type Wilson loop along the infinite straight line x µ = τ δ µ 0 as
Without loss of generality we set R a a = S a a = 0. We take SUSY transformation δA GY = 0 and get
whose complex conjugates are
Here the matrix R † is the hermitian conjugate of R, i.e. R †a
with B and C being traceless hermitian matrices, i.e. B a a = 0,
We make an SU (2) R-symmetry transformation and set B a b = diag(b, −b) with b being real. We have
Since the eigenvalues of γ 0 must be ±i, for θ 1 2 = 0 we have b = ± 1 2 , and without loss of generality we choose b = 1 2 . Then we get C a b = 0. From SUSY transformation δÂ GY = 0, we have
Then we get 15) and this leads to R a b = S a b . In summary we have the GY type 1/3 BPS Wilson loop (3.8) with
2 ), and the preserved supersymmetries are
This is just the Wilson loop that was constructed in [8] . Here we show that it is the only kind of BPS GY type Wilson loops along timelike infinite straight lines, up to some R-symmetry transformations.
DT type Wilson loop
Along x µ = τ δ µ 0 we construct the DT type Wilson loop
We want the Wilson loop to preserve the supersymmetries (3.16). From variations of A andÂ we get
19)
Then we get the parameterizations 20) as well as
We have four classes of solutions, and all of them must satisfy
Class I
In the first solution we haveγ
Hereᾱ i and β i are free complex parameters. Now we have 24) and this makes that W DT − W GY = QV .
Class II
Class III
Class IV
Circle in Euclidean space
We consider circular BPS GY and DT type Wilson loops in Euclidean space.
GY type Wilson loop
We get the 1/3 BPS GY type Wilson loop along the circle x µ = (cos τ, sin τ, 0)
with R a b = diag(−i/2, i/2), and the preserved supersymmetries are
We want the Wilson loop to preserve the supersymmetries (3.32). We have four classes of solutions, and all of them must satisfyᾱ
Hereᾱ i and β i are free complex parameters. Now we have
and this makes that W DT − W GY = QV .
Class II
Class III
Class IV
ABJM theory
The ABJM theory [10] is an N = 6 superconformal CSM theory, with gauge group U (N ) × U (N ) and levels (k, −k). There are matter fields φ I , ψ I , with I = 1, 2, 3, 4 being the index of SU (4) R-symmetry.
The SUSY transformations of ABJM theory are [33] [34] [35] [36] 
We have SUSY parameters ǫ IJ = θ IJ + x µ γ µ ϑ IJ andǭ IJ =θ IJ −θ IJ x µ γ µ , with constraints
with the constraints
In Euclidean space, the SUSY transformations (4.1) and definitions of supercharges (4.4) still apply, but the constraints for the SUSY parameters and supercharges are
Straight line in Minkowski spacetime
GY type Wilson loop
A general GY type Wilson loop along the line x µ = τ δ µ 0 takes the form
The SUSY transformation δA GY = 0 leads to
Taking complex conjugate of the second equation we get
with the matrix R † being the hermitian conjugate of R, i.e. R †I J = (R J I ) * . We define
with B and C being hermitian matrices, i.e. B = B † and C = C † . Then we have
We use SU (4) transformation of the R-symmetry to make the hermitian matrix B diagonal and then using θ 12 * = θ 34 we have
We get b 1 = b 2 = −1, b 3 = b 4 = 1, and then we have
Then we get C I J = 0, i.e. that R I J is a hermitian matrix. The SUSY transformation δÂ GY = 0 leads to
from which we get
We get S J I = R J I . In summary, we have the GY type 1/6 BPS Wilson loop (4.7) with R I J = S I J = diag(−1, −1, 1, 1), and the preserved supersymmetries are
This is just the Wilson loop that was constructed in [11] [12] [13] . Here we show that this is the only form of GY type BPS Wilson loop along a timelike straight line, up to some SU (4) R-symmetry transformation. Especially, we do not require that R I J or S J I is a hermitian matrix a priori, and we show that it is the result of supersymmetric invariance.
DT type Wilson loop

We want a DT type Wilson loop that preserves the same supersymmetries (4.19). A general DT type
Wilson loop is [9] 
20)
From variations off 1 and f 2 we havē ζ 1,2 γ 0 = iζ 1,2 ,ζ 3,4 γ 0 = −iζ 3,4 , γ 0 η 1,2 = iη 1,2 , γ 0 η 3,4 = −iη 3,4 ,
We make the parameterizations
Then equations (4.21) become
We find four classes of solutions, and all of them satisfy 
Class I
In the first solution we haveγ Note that there are four free complex parametersᾱ 1,2 and β 1,2 . and f 2 we get
Now we have
We define α I =ᾱ * I andβ I = β I * . Using the fact that θ 12 = θ 34 * , θ 13 = −θ 24 * and θ 23 = θ 14 * , we can show that equations (4.29) are equivalent tō
Note that when an equation is satisfied, for consistency so is its complex conjugate. When there is SUSY enhancement for the Wilson loop, there must be nonvanishing solution for at least one of θ 13
and θ 23 , and this requires that
This leads toᾱ
Then we get the solution
It can be checked that supersymmetries are enhanced to 1/2 BPS, and the preserved supersymmetries are
Note that the two equations are consistent, since they are complex conjugates of each other. In this case we have
The Wilson loop is global SU (3) R-symmetry invariant. Whenᾱ 2 = 0, it is just Wilson loop that was constructed in [9] .
So for general parameters the Wilson loop with (4.26) is 1/6 BPS, and the preserved supersymmetries are (4.19) . When there is also (4.33), the Wilson loop is enhanced to 1/2 BPS, and the preserved supersymmetries are (4.34).
Class II
In the second solution the calculation is parallel to that of the first one. We havē 36) and the Wilson loop is 1/6 BPS and preserves the supersymmetries (4.19). Now we have 
From variations of A andÂ we get
We define γ I =γ * I andδ I = δ I * . We can show that equations (4.39) are equivalent tō
For the existence of nonvanishing solution for at least one of θ 13 and θ 14 , we have
This leads toγ
It can be checked that supersymmetries are enhanced to 1/2 BPS, and the preserved supersymmetries
At present we have
The Wilson loop is global SU (3) R-symmetry invariant.
The Wilson loop is 1/6 BPS Wilson loop and preserves the supersymmetries (4.19). Now we have
For the Wilson loop with (4.46), we have f 2 = g 2 = 0 and so δA = δÂ = 0. This leads to
The solution is (4.19) . So there is no SUSY enhancement for this solution.
Class IV
The fourth solution is like the third one. We havē and the 1/6 BPS Wilson loop that preserves the supersymmetries (4.19). Now we have
For the Wilson loop with (4.49), we havef 1 =ḡ 1 = 0 and so δA = δÂ = 0. This leads to the supersymmetries (4.19). There is no SUSY enhancement for this solution.
In [26] 
Circle in Euclidean space
GY type Wilson loop
In Euclidean space, one can construct the circular 1/6 BPS GY type Wilson loop along x µ = (cos τ, sin τ, 0)
with R I J = diag(i, i, −i, −i). The preserved supersymmetries are
DT type Wilson loop
We also construct the DT type Wilson loop along x µ = (cos τ, sin τ, 0)
Similar to the case in Minkowski spacetime, we have four classes of solutions that make this DT type
Wilson loop 1/6 BPS, and the preserved supersymmetries are (4.52). All of them must satisfȳ
Class I
56)
This shows that the difference between the DT type Wilson loop and GY type Wilson loop is Q-exact.
the Wilson loop becomes 1/2 BPS, and the preserved supersymmetries arē
Class II
the Wilson loop is 1/2 BPS, and the preserved supersymmetries arē
Class III
There is no SUSY enhancement for this solution.
Class IV
N =4 orbifold ABJM theory
The calculation for the Wilson loops in N =4 orbifold ABJM theory is very similar to the case of ABJM theory. It will be brief in this section.
Orbifolding the ABJM theory with gauge group U (rN ) × U (rN ) and levels (k, −k) by Z r , one gets the N = 4 superconformal CSM theory with gauge group U (N ) 2r and Chern-Simons levels
. We get the SUSY transformations of the N = 4 orbifold ABJM theory from those of ABJM theory
Here ℓ = 0, 1, · · · , r − 1. There are no summations of ℓ here, and would not be summations of ℓ later unless it is pointed out explicitly. Here i, j, · · · = 1, 2 andî,, · · · =1,2 are indices of the SU (2)×SU (2) R-symmetry. We have definitions of covariant derivatives
We have SUSY parameters ǫ iî = θ iî + x µ γ µ ϑ iî andǭ iî =θ iî −θ iî x µ γ µ with constraints
Symbols ǫ ij and ǫî are antisymmetric with ǫ 12 = ǫ12 = 1. The supercharges are defined as 4) with the constraints
In Euclidean space, the SUSY transformations (5.1) and the definitions of supercharges (5.4) still apply, but the constraints becomē
Straight line in Minkowski spacetime
GY type Wilson loop
There is GY type Wilson loop along the line
The Poincaré SUSY transformation δA (2ℓ+1) GY = 0 leads to
Taking complex conjugates of the last two equations we have
with
and then we get
We use SU (2) × SU (2) R-symmetry rotation and make
).
(5.12)
Then we have 
and we get S This is just the 1/4 BPS Wilson loop that was constructed in [25, 26] .
We have the DT type 1/4 BPS Wilson loop that preserves the supersymmetries (5.18), and there are two free complex parametersᾱ (ℓ) and β (ℓ) . Now we have 
from which we have
From [37] we know that the only possibility of SUSY enhancement in the present case is that when 29) and supersymmetries are enhanced to 1/2 BPS. The preserved supersymmetries are (5.28) . This is just the ψ 1 -loop that was constructed in [25, 26] .
Class II
We have the DT type 1/4 BPS Wilson loop that preserves the supersymmetries (5.18). Now we have 32) supersymmetries are enhanced to 1/2 BPS. The preserved supersymmetries are also (5.28) . This is just the ψ 2 -loop that was constructed in [26] . The ψ 1 -loop and ψ 2 -loop have the same preserved supersymmetries.
There is no SUSY enhancement in the present case.
Class IV
Circle in Euclidean space
GY type Wilson loop
In Euclidean space we have the 1/4 BPS circular GY type Wilson loops along x µ = (cos τ, sin τ, 0) 
2φ2 (2ℓ) )|ẋ|, 
2 νδ (ℓ) )|ẋ|, η α = (e −iτ /2 , e iτ /2 ), ν α = (−e −iτ /2 , e iτ /2 ).
To make it preserve the supersymmetries (5.38), we have four classes of solutions, and all of them Q =ā(P 11 + iγ 3 S 11 + P 22 − iγ 3 S 22 ),ā α = (1, 0).
Class IV
In the fourth solution we haveᾱ Note added in proofreading. Recently in [39] , it was found that degeneracy of vacuum expectation values of half-BPS ψ 1 -and ψ 2 -loops, mentioned in the footnote of this section, is lifted at three loops. And strong evidences were given that the average of these two Wilson loops are half-BPS quantum mechanically.
